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INTRODUCTION
Whereas many eddy current test instruments have been designed to solve particular problems, a decision was made at the U. S. Army Materials Research Agency to develop a versatile eddy current test system possessing a wide scope of application. Utilizing commercially available instruments as integral components, emphasis was placed on the development of a system which is sufficiently general in nature to make possible its application to the solution of numerous specific inspection problems amenable to eddy current test methods. During the initial phase of this continuing project, the application of the system developed has been confined to the testing of nonferromagnetic materials. The resulting effort is the subject of this report.
The applications of eddy current test methods in the field of nondestructive testing have been successfully achieved in the three following areas:
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(1) the measurement of conductivity, or a combination of conductivity and permeability; (2) the measurement of thickness of thin metal sections;· and (3) the detection and evaluation of surface and near-surface discontinuities and inhomogeneities. Eddy current test methods are most effective for the inspection of surface and near-surface specimen conditions, and are compatible to high production rates and completely automatic inspection systems. They are commonly used as important supplements to ultrasonic, radiographic, and magnetic particle test methods for obtaining a complete assessment of material integrity.
Because a knowledge of the fundamentals concerning the origin and properties of eddy currents is a prerequisite for the comprehension of the manner in which these currents are utilized in the nondestructive testing of materials, a discussion of eddy current fundamentals follows.
EDDY CURRENT TEST FUNDAMENTALS
Eddy currents are electromagnetically induced currents produced within an electrical conductor by subjecting it to a changing magnetic field. The distribution of these currents in terms of amplitude and phase· within a conductor subjected to a periodically varying electromagnetic field can be defined by the following equations for the two most commonly encountered geometries in the field of nondestructive testing, namely, plane and cylindrical. 2 For the plane geometry case The above equations were derived for ideal cases and are valid only if the conductor is homogeneous and of suitable dimensions to satisfy the conditions imposed by the respective derivations.
As the frequency is increased, the eddy currents tend to concentrate near the surface of the conductor, and at sufficiently high frequencies, there results the well-known skin effect. Because eddy current flow is confined to a region bounded by the surface of the specimen and the skin depth associated with the selected test frequency, test indications are obtained only by the direct interaction of eddy currents with the electromagnetic properties of this region which may or may not contain inhomogeneities or discontinuities, or both. These test indications may be optimized in some instances by a proper selection of frequency.
In order to facilitate the selection of a suitable test frequency for the inspection of nonferromagnetic materials, it is desirable to introduce the concepts of "depth of penetration" for both plane and cylindrical geometries and "critical frequency" for cylindrical geometries. The standard. depth of penetration, 6, is defined as that depth at which the eddy current density is 36.8 percent of the surface value. This definition for the plane geometry case is the result of equating the exponent of e of the second coefficient of Equation 1 to one and solving for z, which in turn is referred to as 6 so that The parameter fc is incorporated in the "similarity principle of eddy current testing" which states that the eddy current and magnetic field strength distribution as well as the effective permeability within any test specimen are the same if the same multiple of the critical frequency is employed. Both of these concepts are due to Forster and are extensively used in the field of nondestructive testing. Nondestructive test methods utilizing induction currents generally consist of observing the changes in the electrical characteristics of an electromagnetic transducer produced by the induced currents of an electrical conductor which has been introduced into the electromagnetic field of the transducer. The transducer may consist of a single excitation coil or a system of coils, which in this report shall be referred to as a coil configuration.
Associated with the generation of eddy currents is a power loss within a conductor of finite resistivity which must be supplied by the inducing agent, and also, an electromagnetic field which is in opposition with the original inducing field. Consequently, changes are produced in both the resistive and reactive components of the impedance of the transducer in accordance with the magnitude, distribution, and phase of the induced eddy current.
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The magnitude of the induced eddy currents will depend upon the relative position of the coil and the specimen; the magnitude and frequency of the inducing current; the presence of discontinuities or inhomogeneities in the specimen; the geometry of the specimen; and, finally, the electrical conductivity and magnetic permeability of the specimen and those factors which influence the magnitudes of these important physical constants. 4 Eddy current test coils may generally be included in any one of the following three classifications: encircling or feed-through, probe, and bobbin. Each of these classifications is subclassified into absolute and differential divisions. 1 The term absolute, as it is used here, refers to a coil or coils which respond to all the electromagnetic properties of the part, and the term differential refers to a configuration of two or more coils connected in phase opposition such that any electromagnetic condition of the specimen which is not common to the adjacent areas being subjected to inspection will produce an unbalance of the system and thereby be detected . 6 An important consideration in the design of encircling coils is the maintenance of a fill factor which is kept as close to one as possible in order to achieve an optimum sensitivity for a given set of test conditions. Fill factor is commonly defined as the square of the ratio of the diameter of the specimen, Ds, to the effective diameter of the coil, De, where De is defined as :
. ( 5) In the ideal case, an encircling coil would be wound directly around the specimen; however, due to practical considerations, the wire must be wound on some sort of a form. Consequently, a fill factor of 1 is never fully realized in practice. For example, the table below illustrates how the ratio of the square of the diameter of a specimen, Ds, to the outside diameter of a cylindrically shaped coil form, Dcf' of 1/32-inch wall thickness varies for various specimen diameters ranging from 0.2500 to 1.5000 inches. By referring to the table, it is seen that the mere use of an unwound coil form sleeve would reduce the maximwn obtainable fill factor to approximately 0.64 for 1/4-inch-diameter specimens and to approximately 0.92 for 1-1/2-inch-diameter specimens. A curve relating fill factor to the ratio Ds/Dc, FigureA-3, has been included in the appendix for practical reference.
It should be mentioned that a term similar to fill factor is sometimes encountered in the literature. This term has been defined as either the ratio of the diameter of the specimen to the diameter of the coil 1 or as the ratio of the outside diameter of the specimen to the inside diameter of the coil and referred to as the "coil fill". 7 It should also be pointed out that for any coil having a finite wire build-up there are at least four diameters associated with the coil, namely: the inside diameter of the coil which is the same as the outside diameter of the coil form sleeve; the outside diameter; the average diameter; and an effective diameter. Consequently, quantities defined in terms of coil diameter should be specifically defined. Also, when the expression "inside diameter of the coil" is used, no account is taken of the wire build-up which, hypothetically, could be increased without limit.
Basically, any eddy current test system may be thought of as being comprised of three basic components, namely: (1) a source of coil excitation; (2) a coil configuration network; and (3) instrumentation for analyzing the eddy current test signal. Since commercially available instruments were going to be used as integral components of the system, it was decided to achieve an improvement in versatility in the coil configuration network which, in the final analysis, comprises the heart of any eddy current test system. Because encircling and probe coils are the ones most commonly encountered in the field of nondestructive testing, the coil design studies were restricted to the development of these two types.
COIL DESIGN

Enc i rc 1 i ng Co i 1 s
The approach which appeared to be the most versatile in the design of encj_rcling coil forms was one which utilized a building block principle which is illustrated in Figures 1 and 2 . In Figure 1 are shown the components which are used to complete the fully assembled coil form. The components were fabricated from phenolic resin material and consist of cylindrical sleeves, spacers, and walls which are shown at the top, center, and bottom of Figure 1 respectively. The sleeve is the basic component on which a coil or several coils may be wound, adjacent to or above one another. The spacers and walls were fabricated so that they may be positioned at any point along the axis of the sleeve. A sleeve-wall thickness of 1/32 inch was considered to be the minimwn value offering sufficient rigidity. For best results, the inside diameter of the sleeve should be slightly larger than the diameter of the specimen to be tested. Figure 2 illustrates two completely assembled encircling coil forms capable of accommodating three coils. On the form at the left of the figure can be wound two secondary coils which are excited by a primary coil wound above them. On the form at the right of the figure can be wound two secondary coils which are excited by a centrally located primary coil.
By a suitable selection of interchangeable components, it would be possible to assemble coil forms which are capable of accommodating many of the common encircling coil configurations encountered in nondestructive testing. If it were also desirable to increase the resolution of the coil configuration, the walls or spacers may be fabricated from copper or magnetic material to shield the coil or coils.
Among the variables encountered in the actual winding of the wire on the coil form are the selection of wire diameter and the physical dimensions of the coil, including axial length and radial depth of winding. The selection of suitable values of these variables is determined by the particular problem and the instrumentation to be used. Unfortunately, coils having practical dimensions must be evaluated experimentally and changes made on a more or less trial-and-error basis. 4 As a result, it is desirable to have versatile coil forms whose components can be rearranged accordingly.
Probe Co i 1 s
Because of encircling coil limitations, work was initiated to develop probe coils for the testing of specimens possessing plane or irregular geometries. As a result, bobbin-type probe coils employing ferrite cores and a probe coil holder capable of accepting a large number of interchangeable probe coils were developed. The results of this development are shown in Figures 3 to 7· 19-066-1864/0RD-62 Figure 3 shows four differently shaped ferrite cores used in conjunction with bobbin-type probe coils and the type of ferrite rod from which they were shaped. The object of using these variously shaped cores was to determine whether or not the magnetic flux density transversing the core material could be varied by varying the cross-sectional area of the core extremities. The core on the right was included to determine the importance, if any, of maintaining symmetrical core extremities .
Figure 3. FERRITE CORES USED IN CONJUNCTION WITH BOBBIN-TYPE PROBE COILS
Some experimental eddy current probe coils or the bobbin type are shown in Figure 4 . With the exception of the probe coil at the left,
19-066-1858/0RD-62
Figure ~. EXPERIMENTAL EDDY CURRENT PROBE COILS OF THE BOBBIN TYPE
which is a commercially available magnetic pickup head seated in a test probe adapter, the three complete probe coils in the top row and the corresponding unwound coil forms with ferrite cores are all experimental versions. It was necessary to cap one end of the protruding cores to prevent marring of the specimen surface. This modification was incorporated in the fabrication of the coil forms in the top row of the figure.
In Figures 5, 6 and 7 are shown the assembled eddy current test probe, an exploded view of the eddy current test probe with coil, and the inner assembly of the eddy current test probe. Spring loading is utilized to mechanically maintain a constant spacing between the probe coil and the specimen surface. The outer shell was fabricated from nylon Various ferrite core configurations are commercially available. Probe coils utilizing these core configurations can be accommodated by the receiver of the eddy current test probe with the use of suitable adaptors. Thus, one probe holder capable of accepting a large number of interchangeable probe coils may be used most effectively with a probe coil having characteristics which are appropriate for the particular application. PROBE 
Figure 8. CROSS-SECTIONAL VIEW OF EDDY CURRENT PROBE COIL HOLDER WITH PROBE COIL EXPERIMENTAL RESULTS
Commercially available instruments may be selected as integral components of an eddy current test system, and arranged according to the nature of the test problem. For example, a system was formed using an oscillator, an impedance bridge, two filters, a vacuum tube voltmeter, and an oscilloscope. A block diagram of the system is as follows:
Vacuum Tube Voltmeter
Oscilloscope .Configuration A variable frequency oscillator is used as a source of sinusoidal excitation for the impedance bridge which includes a test coil in the "unknown" arm. Employing balanced bridge techniques, an unbalance of the bridge occurs whenever the impedance of the test coil is changed due to an interaction of the eddy currents within the electromagnetic properties of the specimen. The resulting test signal is then filtered to eliminate noise pickup and fed to a parallel combination consisting of a vacuum tube voltmeter and an oscilloscope. The test signal is a complex voltage whose amplitude is indicated by the vacuum tube voltmeter and oscilloscope; its real and imaginary components are determined by rebalancing the bridge and observing the values of coil Q and inductance. The impedance bridge has a digital readout which greatly facilitates the recording of data; however, the impedance bridge does impose an upper frequency limit of 20,000 cycles per second and thereby limits the selection of test frequencies to the audio range.
The system was applied to various nonferromagnetic materials such as aluminum, brass, copper, magnesium, and titanium using encircling and probe coils. The test system utilizing a probe coil is shown in Figure 9· The test specimens used to evaluate encircling and probe coils are shown in Figures 10 and 11 respectively. Figure 10 shows a one-inch-diameter composite bar comprised of aluminum, brass, magnesium, copper, and titanium components arranged in this order from the left to right of the figure. Using cylindrical elements of suitable length and diameter as building blocks, a bar may be formed to contain as many different materials or alloys as is desirable. A bar of this nature would serve as a convenient standard to check out the response of any eddy current test system to either material flaws or artificially introduced flaws. 
TEST SPECIMEN USED TO EVALUATE PROBE COILS
are pencil lines which were used as guides for passing various probe coils over the same portion of the crack. The specimen dimensions were 10 x 4 x l/2 inches. Rectangular specimens of aluminum, brass, copper, and magnesium were used to perform an initial evaluation of bobbin-type probe coils. Figure 12 illustrates an impedance plane curve which was obtained by passing an encircling coil over the components of a one-inch-diameter composite test bar. The ordinate of any given point on the curve is the ratio of the inductive reactance of the coil having a metallic core to the inductive reactance of the coil having an air core, wL 0 , while its abscissa is the ratio of the incremental resistance, 6R, to wL 0 . The test parameters are indicated on the figure. Such a curve illustrates the effect of varying the conductivity of the core material upon the test coil impedance. The results indicate that the coil response was approximately the same for both ferrite materials and that the maximum values of unbalanced bridge voltage and the corresponding changes in coil inductance were obtained with a core having a cylindrical geometry. The probe coil with the air core, had the second highest 6V/~Vm response and the second lowest 6L/6Lm response. Probe coil resolution was improved by using the test probe with a brass inner assembly. The sensitivity of a bobbin-type probe coil can be improved by decreasing the dimensions of the coil and the cross-section of the ferrite core proportionately . Another important consideration is that the distance between the probe coil and the specimen surface be kept to a minimum.
SUMMARY
It can be concluded that the versatility and scope of application of an eddy current test system can be improved by applying the concept of interchangeabi lity to coil design. Flexibility of coil design simplifies the problem of testing cylindrical and plate materials.
The test system described in this report can be used with either encircling or probe coils. Test indications are analyzed by observing changes in coil Q and inductance as well as the amplitude of the unbalanced bridge voltage. Utilizing test frequencies in the audio range, the system has been satisfactorily applied to nonferromagneti c materials such as aluminum, brass, copper, magnesium, and titanium. 
